Abstract. Emission inventories for major reactive tropospheric CI species (particulate CI, HC1, C1NO2, CH3CI, CHCI3, CH3CCI3, C2C14, C2HC13, CH2C12, and CHCIF2) were integrated across source types (terrestrial biogenic and oceanic emissions, sea-salt production and dechlorination, biomass burning, industrial emissions, fossil-fuel combustion, and incineration). Composite emissions were compared with known sinks to assess budget closure; relative contributions of natural and anthropogenic sources were differentiated. Model calculations suggest that conventional acid-displacement reactions involving Sov)+O3, S(Iv)+ H202, and H2SO4 and HNO3 scavenging account for minor fractions of sea-salt dechlorination globally. Other important chemical pathways involving sea-salt aerosol apparently produce most volatile chlorine in the troposphere. The combined emissions of CH3CI from known sources account for about half of the modeled sink, suggesting fluxes from known sources were unde:estimated, the OH sink was overestimated, or significant unidentified sources exist. Anthropogenic activities (primarily biomass burning) contribute about half the net CH3CI emitted from known sources. Anthropogenic emissions account for only about 10% of the modeled CHCl3 sink. Although poorly constrained, significant fractions of tropospheric CH2C12 (25%), C2HC13 (10%), and C2C14 (5%) are emitted from the surface ocean; the combined contributions of C2C14 and C2HC13 from all natural sources may be substantially higher than the estimated oceanic flux.
acid (HC1), nitryl chloride (C1NO2), methylchloride (chloromethane, CH3C1), chloroform (trichloromethane, CHC13), methyl chloroform (1,1,1-trichloroethane, CH3CC13), perchloroethene (tetrachloroethene, C2C14), trichloroethene (C2HC13), methylene chloride (dichloromethane, CH2C12), and the hydrochlorofluorocarbon (HCFC) chlorodifluoromethane (CHC1F2, HCFC-22). Tropospheric lifetimes for these compounds range from less than 1 day for C1NO2 to about 13 years for chlorodifiuoromethane; as described in more detail below, in the companion papers of this special section, and in the cited literature, the associated atmospheric impacts are varied. We restricted our analyses to species important to either the tropospheric burden of reactive C1 or to the rate of chlorine cycling. Compounds such as phosgene [Kindlet et al., 1995] and chloroacetic acids [Grimvail, 1995] Our secondary objectives were (1) to develop speciesspecific composite inventories by integrating the individual emission fields over source type, (2) to evaluate budget closure for each species by comparing composite emissions from major known sources with total fluxes inferred from inversion modeling and related approaches, (3) to differentiate the relative contributions of natural and anthropogenic sources, and (4) to assess associated uncertainties in the tropospheric chlorine cycle. Results of these analyses are reported herein.
Methods

Constituent Emission Inventories
Readers are referred to the companion papers of this special section for details of the methodologies used to generate the constituent inventories included in this analysis. Industrial CH3CC13 emissions reported by Midgley and McCulloch [1995] were gridded using the same procedures employed by McCulloch et al. [this issue (a)] for C2C14, C2HC13, and CH2C12. The chemical species included in this analysis, associated source types, and corresponding references are summarized in Table 1 . All industrial emissions were derived from data for 1990. For some source types (e.g., mineral aerosol and volcanic emissions), insufficient information was available to produce credible emission inventories. For these cases, we incorporated previously published estimates of integrated global fluxes from the literature. In a few cases (e.g., C12, HOC1, and BrCI emissions from sea-salt aerosol), fluxes were very poorly constrained and credible estimates unavailable; although perhaps important on a global scale, these compounds could not be included in the inventory. The analysis reported herein is based on the "best guess" estimates of the emission fluxes; associated uncertainties are assessed in the companion papers and cited literature. All global burdens and absolute and percentage fluxes reported herein are in units of C1 mass.
Inversion Modeling
The source deconvolution model used to infer the tropospheric sinks and corresponding lifetimes for selected species is based on measured tropospheric concentrations, rates of oxidation by tropospheric OH, and losses to the stratosphere (see Khalil and Rasmussen [1999b] for a detailed description). Briefly, a low-resolution, two-dimensional (2-D) box model of the atmosphere was coupled with a detailed photochemical model of OH. The model included six tropospheric boxes spanning 0 ø to 30 ø, 30 ø to 60 ø, and 60 ø to 90 ø latitude north and south. Each tropospheric box was associated with a corresponding stratospheric box; transport within the stratosphere was neglected. Transport between tropospheric boxes was estimated on the basis of existing meteorological data [e.g., Newell et al., 1972] .
Uncertainties in modeled sinks arise from uncertainties in several aspects of the analysis including the accuracy and representativeness of ambient measurements, the modeled OH fields, the reaction-rate constants and associated temperature dependencies, transport, and tropospheric sinks not considered in the model (e.g., the presence of other significant oxidants, surface deposition). Absolute errors associated with the assumed OH field were probably small since the average OH in the model was consistent with the average OH inferred from CH3CC13 [Prinn et al., 1995] . The relative importance of other sources of uncertainty varied among species and are discussed below.
Simple calculations based on a modification of the above model were also applied for selected species (C2C14, C2HC13, and CH2CI2) to provide additional constraints on poorly characterized oceanic emissions inferred from observations. This model ignored troposphere-stratosphere exchange (a minor sink for these compounds, for example, Table 1 ) and assumed that measured concentrations in the southern hemisphere [Khalil et al., this issue] were in steady state with respect to natural oceanic emissions and chemical destruction (i.e., anthropogenic emissions in the southern hemisphere were assumed to be insignificant). We assume further that the total oceanic source strength per unit area in the Southern Hemisphere was equal to that in the Northern Hemisphere; this assumption is supported by the similarity between estimated emission fluxes of CH3C1 per unit area in the Northern and Southern Hemispheres [e.g.; Khalil and Rasmussen, 1999b] . On the basis of this approach we derived approximate integrated emission fluxes from the global oceans. Since finite anthropogenic sources exist in the Southern Hemisphere, these estimates probably represent upper limits for oceanic emissions.
Results and Discussion
Inorganic Chlorine
The production of sea-salt aerosol by wind stress at the ocean surface dominates the global emission flux of particulate C1 and of total inorganic CI; on a global scale, other sources are relatively insignificant (Table 1) Although the absolute magnitude of the flux is poorly constrained, the production of mineral aerosol from the deflation of surface soils is a major source of particulate C1 over arid and semiarid continental regions. Graedel and Keene [ 1996] infer a global emission flux of about 15 Tg C1 yr '• based on On a global scale, the production of particulate CI is dominated by natural processes; the major anthropogenic sources (mineral-aerosol production associated with anthropogenic desertification and most biomass burning) account for substantially less than 1% of the total flux. Approximately half the HC1 emitted directly from sea-salt aerosol via aciddisplacement reactions involves precursors derived from anthropogenic combustion [Graedel and Keene, 1996] . Assuming that (1) most stratospheric HC1 originates from the degradation of long-lived, Cl-containing compounds of anthropogenic origin, (2) all inorganic CI emitted from biomass burning is in the form of HC1 (an upper limit), and (3) 90% of biomass burning is anthropogenic (J. S. Levine, personal communication, 1996), we estimate that greater than 50% of the total annual HCI emission flux involves anthropogenic sources or precursor compounds.
With regard to emissions of inorganic C1 (and C1-containing organic compounds discussed below) from biomass burning, the relative contributions from natural and anthropogenic burns are highly uncertain and subject to debate. Extensive regions of the Earth's surface are burned each year through intentional and unintentional human intervention. However, many impacted ecosystems would burn naturally, albeit perhaps less frequently, in the absence of such influences. Thus extrapolating estimates for the current natural and anthropogenic contributions to biomass burning relative to the conditions that would exist in the absence of technologically capable humans is problematic.
CH3CI
With an average tropospheric mixing ratio of about 540 pptv and a global burden of about 2.8 Tg CI, methylchloride (Table 1, Figures If, lg, lh) On the basis of the RCEI results, oceanic emissions account for significant fractions of C2C14 (about 5%), C2HCI3 (about 10%), and CH2C12 (about 25%) emitted from known sources to the atmosphere on a global scale (Table 1, Figure lg) [Khalil, 1999] . Although potentially important, losses to the surface ocean and soils have not, to our knowledge, been critically evaluated. The imbalance in the global tropospheric budget for CHCIF2 (Table 1) 4. Emissions from the surface ocean are very poorly constrained but apparently account for significant fractions of CH:CI: (25%), C:HCI3 (10%), and C:C14 (5%) in the global troposphere; the combined contributions of C2C14 and C:HCI3 from all natural sources may be substantially higher.
Access to On-Line Data
All gridded inventories generated by the RCEI are available online through the project web site at <http://groundhog. sprl.umich.edu/geia/rcei>. We plan to update these inventories as new information becomes available.
